muscle atrophy; magnetic resonance imaging; microgravity; whole body vibration THE DEVELOPMENT OF APPROPRIATE countermeasure exercises to combat the effects of human spaceflight on the musculoskeletal system (21, 31, 33) continues to be a prime consideration for space agencies worldwide. Bedrest is a common model used to simulate the effects of space travel on the human body (40) ; however, it is also a good model to understand changes that occur in the muscles during prolonged levels of reduced physical activity (16) .
Although a number of studies have examined the effects of bedrest on the lower limb and lumbar spine musculature (1-3, 9, 12, 30, 31, 44, 50, 57) , limited information is known regarding the effects of prolonged inactivity on the muscles of the hip. The hip musculature is considered to play an integral role in control and stabilization of the hip joint during locomotion and in facilitation of upright stance (34 -36) . Furthermore, few works have examined the time course of recovery in the musculature after bedrest. An understanding of the recovery process of the muscles is also essential to help guide rehabilitation protocols. Thus the first aim of this work is to investigate the effect of bedrest and subsequent recovery of the muscles of the hip region.
Previous studies examining the effects of spaceflight and bedrest on the trunk and lower limb musculature have demonstrated that not all muscles within a region are affected to the same extent, with the degree of muscle atrophy found to differ between muscle synergists. During unloading, greater atrophy has been reported in the vastii muscles compared with their synergist, rectus femoris (1, 3, 58) , with varying degrees of atrophy also documented in the three heads of triceps surae, soleus, and gastrocnemius medials and lateralis (12) . Groundbased unloading studies have found decreases in muscle force and power to exceed reductions in muscle size in the hip (14) , knee (14, 39, 52, 58) , and calf extensors (30) . If similar changes were to occur in the postero-lateral hip musculature, this may create muscle force imbalances in this region. Muscle force imbalances have been reported to be associated with increased risk of pain and/or injury in the hip (41) , back (47) , and lower limb (15, 22) . Thus another aim of this study was to examine differential atrophy among synergists of the posterolateral hip-hamstring muscle complex.
A further consideration is the development of appropriate countermeasure exercises against such changes at the hip. Thus far, development for countermeasures against unloading has focused largely on the lower limb muscles with little information available on the hip musculature. High load resistive countermeasure exercises have been shown to be effective at reducing/preventing muscle atrophy in the lower limb during bedrest (1-4, 13, 49, 52, 53, 58) ; however, effects have been inconsistent and often limited to a select number of muscles. Therefore, the second aim of this work is to evaluate the effectiveness of two different countermeasure exercises, resistive exercise and resistive exercise with the addition of whole body vibration, in protecting the hip musculature against atrophy during prolonged inactivity.
Resistive whole body vibration (WBV) is thought to provide additional stimulus to muscles during training with reported effects including increased muscle strength, power, and flexibility (17, 19, 48, 50) . It has been proposed that vibration applied directly to muscle or tendon facilitates muscle contraction via the excitation of primary and secondary muscle spindle endings (18) and leads to a greater recruitment of motoneuron pools and subsequent increased muscle contraction via the tonic vibration reflex (48) . WBV applied at the feet is transmitted to the lower limbs during loading (51); hence, it is possible that resistive WBV could be more effective in reduc-ing muscle atrophy than resistive exercise alone. Since no studies to date have investigated this theory on the muscles of the hip, we wish to examine this as part of our countermeasure exercise protocol.
This study aimed to investigate: 1) the pattern of muscle atrophy that occurs in the postero-lateral muscles of the hip during 60 days of prolonged bedrest, in addition to the rate of muscle recovery up to 6 mo post-bedrest and 2) the effectiveness of two exercise countermeasures, resistive exercise and resistive vibration exercise, in protecting against muscle atrophy at the hip.
METHODS
Subjects and bedrest protocol. Twenty-four medically and psychologically healthy males were recruited for the 2nd Berlin Bedrest Study (BBR2-2), conducted at the Charité Campus Benjamin Franklin in Berlin, Germany, by the Centre for Muscle and Bone Research. The protocol of the BBR2-2 has been described in detail elsewhere (11) . In brief, however, subjects underwent 60 days of 6°head-down tilt bedrest (HDT), were required to perform all activities, including hygiene, in the head-down tilt position, and were discouraged from moving excessively or unnecessarily. Twenty-four hour nursing care and video surveillance permitted monitoring of subjects' activities. The Charité Universitätsmedizin Berlin ethics committee approved this study. Subjects gave their informed, written consent before participating in the study and were aware that they were permitted to withdraw from the study at any time.
Subjects were randomized to three different groups: one that performed resistive exercises with whole body vibration during bedrest (RVE; n ϭ 7), one that performed resistive exercise only (RE; n ϭ 8), and one that performed no exercise and served as a control group (CTR; n ϭ 9). For medical reasons unrelated to the current study, one RE subject dropped out of the study after HDT30 (day 30 of bedrest). At Rϩ90 (day 90 of recovery) and Rϩ180 (day 180 of recovery), one RE and one CTR subject did not attend scanning.
The sample size estimates of the BBR2-2 were based on bone parameters [specifically distal tibia bone mineral content (10)] and were not powered to the muscle volume measurements considered in the present investigations. Since there is limited data on the hip musculature with countermeasures in bedrest in similar detail as in the present study, it was difficult to conduct a sensitivity analysis for this study. Thus we consider the present work to be an exploratory study for the comparison between RE and RVE. For all comparisons, particularly between the RVE and RE groups, where no significant differences are found, the findings should be considered in light of the fact that a meaningful effect size of vibration may not be able to be detected for the hip musculature given the present study design.
Exercise countermeasures. Details of the countermeasure exercise programme have been published in detail elsewhere (11) . In brief, however, exercise maneuvers were chosen to target those load-bearing regions of the body that are most affected by bedrest (i.e., lowerquadrant and lumbar region). Both countermeasure groups performed their exercise on the Galileo Space exercise device (Novotec Medical, Pforzheim, Germany; Fig. 1 ), with the device switched off for the resistive exercise only group. Training was performed 3 days/wk during the HDT phase. After a short warm-up, the following exercises were performed: bilateral squats (ϳ75-80% of pre-bedrest maximum voluntary contraction; in RVE group vibration frequency 24 Hz, amplitude 3.5-4 mm, peak acceleration ϳ8.7 g where g ϭ 9.81 ms Ϫ2 ), single leg heel raises (ϳ1.3 times body weight; in RVE group vibration frequency 26 Hz, amplitude 3.5-4 mm, peak acceleration ϳ10.2 g), double leg heel raises (ϳ1.8 times body weight; in RVE group vibration frequency 26 Hz, amplitude 3.5-4 mm, peak acceleration ϳ10.2 g), back and heel raises (performing hip and lumbar spine extension against gravity with ankle dorsiflexion, with ϳ1.5 times body weight applied at the shoulders; in RVE group vibration frequency 16 Hz, amplitude 3.5-4 mm, acceleration ϳ3.9 g). The RVE group performed the same exercises as the RE group except that whole body vibration was applied. Note that the acceleration parameters stated refer to the acceleration of the platform itself; effective accelerations on the subject are much lower. The maximum resulting ground reaction forces transmitted to the feet of the subjects result in effective acceleration at the feet in the order of 0.7 g.
Magnetic resonance imaging protocol. Baseline magnetic resonance (MR) scanning was conducted 8 or 9 days before bed rest (BDC Ϫ8/9), at mid-bedrest (BR27/28), and at end bedrest (HDT55/56). Post-bedrest scans were conducted on days 14, 90, and 180 of recovery (Rϩ14, Rϩ90, Rϩ180). Before baseline and post-bedrest MRI scanning, subjects remained horizontal, lying for at least 2 h to allow time for shift of body fluids from the extremities (20) . During the head-down tilt bedrest phase, beds were placed in the horizontal position 2 h before MR scanning to ensure comparability to pre-and post-head down tilt data.
Subjects were positioned on the scanning bed supine with their knees and hips supported in slight flexion by a pillow under the knee. Sandbags were used to support their legs in neutral rotation (kneecaps oriented to the ceiling and first metatarsal of the foot oriented vertically). Using a 1.5-T Avanto MR system (Siemens, Erlangen, Germany), transverse MR images were acquired from the iliac crest to the inferior-most portion of the gluteus maximus with a second sequence overlapping the gluteus maximus and extending to the knee joint line (slice thickness ϭ 6 mm; interslice distance ϭ 0.6 mm, TR ϭ 8,000 ms, TE ϭ 36 ms, FA ϭ 150°, field of view: 400 ϫ 294 mm interpolated to 320 ϫ 224 pixels). Typically, 39 -43 images from Fig. 1 . Countermeasure exercise. This figure depicts a training subject performing a bilateral squat. Bilateral squats were included in the countermeasure exercise program to target the hip musculature, in particular the gluteal and hamstring muscles, which contract concentrically during the ascension phase of the squat. Other exercises included single and bilateral heel raises and back extension maneuvers. Both the resistance exercise only (RE) and resistance exercise with whole body vibration (RVE) groups performed their exercises on the Galileo Space exercise device (Novotec Medical, Pforzheim, Germany), with the RE group performing their exercises without vibration. Subjects were positioned in head-down tilt on a moveable board with their feet placed on either side of the Galileo platform. Shoulder pads and hand grips ensured subjects remained in the desired position and enabled application of force via the vibrating platform. A pneumatic system generated the force, applied through the moveable board, against which the subject was required to resist and move (via the shoulder pads and hand grips). A sport scientist supervised all exercises to ensure correct performance, and a monitor positioned in the subjects field of view provided visual feedback regarding exercise motion and speed and the subjects actual and target exercise position. the hip and 63-69 images from the thigh were obtained during scanning, although for taller subjects additional images were added to ensure the region of interest was captured. Images were stored for offline analysis.
Image measurements. One operator (TM) performed all image measurements. To ensure operator blinding to study time point and subject group, each data set was assigned a random numeric code (http://www.random.org). ImageJ (version 1.38x, http://rsb.info.nih. gov/ij/) was used for MR image analysis. Cross-sectional areas (CSA) of the following muscles in the hip (Fig. 2) were measured in each image for both the left and right sides: upper gluteus maximus (UGM), lower gluteus maximus (LGM), gluteus medius (GMED), gluteus minimus (GMIN), obturator internus (OBT_INT), obturator externus (OBT_EXT), quadratus femoris (QUAD_FEM), piriformis (PIRI), semimembranosus (SEMI_M), semi-tendinosus (SEMI_T), biceps femoris long head (BF_LH), and biceps femoris short head (BF_SH). The gluteus maximus was divided into upper and lower portions at the point of greatest CSA of the femoral head (28), since these have been shown to have functional differences (8, 28, 36, 59 ). Due to difficulties in defining muscle borders, the superior and inferior gemelli muscles were grouped together with the obturator internus. These muscles have often been proposed to have a common embryological origin (8) , function, and anatomy (55) .
Further data processing and statistical analyses. To efficiently check for any errors in image measurement, another operator (D. L. Belavý), also blinded to study time point and subject group, plotted data from each muscle for every scanning date for a particular subject. Changes in muscle volume compared with muscle volume at baseline and relative amount (percentage) of muscle atrophy were calculated. Muscle volume was calculated by interpolating muscle cross-sectional areas.
Statistical analysis focused on two aspects: 1) the effect of bedrest in the inactive control group only and 2) the impact of countermeasures on muscle changes in the bedrest and recovery phases. To examine the effect of inactivity alone, the following process was used.
1) Using raw muscle volume, linear-mixed effects models (44), with subsequent ANOVA, were constructed with a main effect of "study date" to evaluate changes within each muscle in the CTR group subjects over all measurement dates.
2) Subsequently, to facilitate comparisons between muscles and to determine which muscles atrophied the most/fastest in the CTR group, the fractional changes in muscle volume at HDT27/28 and HDT55/56 compared with baseline were calculated. Nonlinear mixed effects models (44) were then used to compute an exponential decay model e [k·(HDT week)] , where k is the time constant for muscle volume loss and HDT week is the week of head-down tilt bedrest. In this model, a more negative k value indicates a faster rate of muscle volume loss.
(Similar results were achieved when linear models were used, but since it is to be expected that muscle atrophy occurs in a nonlinear fashion, the use of an exponential decay model was more appropriate.) 
Downloaded from
To examine the effect of countermeasures, the following process was used.
3) Using raw muscle volume data, the bedrest (HDT27/28, HDT55/56 vs. BDC) and recovery (Rϩ14, Rϩ90, Rϩ180 vs. HDT55/56) phases were examined separately. Linear-mixed effects models, with subsequent ANOVA, were built with main effects of study date and group with their two-way interaction.
4) If the group ϫ studydate interaction from this first model showed a P value of Ͻ0.05, a further model, considering only the RVE and RE groups, was constructed in a similar fashion to determine whether there was a difference in response between the two countermeasure groups.
For all statistical models, random effects for each subject and side-of-body within subject and, where necessary, allowances for heterogeneity of variance (such as due to group or study date) were modeled. Due to the number of muscles examined and number of comparisons performed, an alpha level of 0.01 was used for statistical significance for the "study date" main effect, for "group ϫ study date" interaction, and for between-muscle comparisons on ANOVA; P values for these model terms being Ͻ0.05 but Ͼ0.01 were considered trends. For analysis of changes during and after bedrest, since multiple measurement sessions were undertaken on the same subjects, a Bonferroni adjustment was not performed; rather we looked for consistent "significant" differences across time points. Subject age, height, and weight had little influence on the findings if they were incorporated in the models as linear covariates and were hence excluded from the analyses presented here. Where raw muscle volume data was used in statistical analyses, using percentage change in muscle volume data yielded similar results; however, these additional analyses are not shown. The R statistical environment (version 2.10.1, http://www.rproject.org) was used for all analyses.
RESULTS
In addition to the RE subject that dropped out after the HDT27/28 measurement, two further subjects, one from the RE and one from the CTR group, did not return for the Rϩ90 and Rϩ180 data collections. No differences existed in baseline muscle volume for any muscles between groups (F Յ 2.2 for all; P Ն 0.14 for all). Tables 1-3 represent the percentage changes in muscle volume across all groups during the course of the study. With the exception of obturator externus (study date: F ϭ 2.0, P ϭ 0.086), piriformis (study date: F ϭ 2.3, P ϭ 0.054) and obturator internus (study date: F ϭ 3.1, P ϭ 0.014), analysis of CTR group only data showed strong effects for changes in volume across the muscles examined over the course of the study (study date: F Ն 3.8 for all; P Յ 0.004 for all).
Effect of bedrest on muscle volume (CTR group only).
At the end of bedrest, the greatest losses in muscle volume were observed in the quadratus femoris (Ϫ18.1% at HDT 55/56: t Ն Ϫ2.4; P Յ0.02), semi-membranosus (Ϫ18.1% at HDT 55/56: t Ն Ϫ5.7; P Յ 0.0001), and biceps femoris long head (Ϫ17.7% at HDT 55/56: t Ն Ϫ4.9; P Յ 0.0001 for both). The following muscles also demonstrated significant losses in muscle volume (P Յ 0.0090 for all): gluteus minimus (Ϫ11.2%), upper gluteus maximus (Ϫ9.9%), lower gluteus maximus (Ϫ5.7%), semi-tendinosus (Ϫ5.2%), and gluteus medius (Ϫ3.7%). Nonsignificant changes in muscle volume were observed in the biceps femoris short head, obturator internus, obturator externus, and piriformis during bedrest (P Ն 0.13 for all).
To facilitate easier comparison between muscles, the rates of muscle volume change during bedrest were calculated (see Fig. 3 ). ANOVA showed that rates of muscle atrophy differed between muscles (F ϭ 20.1; P Ͻ 0.0001). Table 4 displays data comparing the rates of muscle atrophy between muscles. Interestingly, this data reveals that a number of synergistic muscles atrophies at significantly different rates. From the hamstring muscle group, semi-membranosus atrophied at a significantly faster rate than its synergists, biceps femoris short head, and semi-tendinosus (P Ͻ 0.0001 for both), with the latter demonstrating a faster rate of atrophy than biceps femoris short head (P Ͻ 0.0001). Within the gluteal muscle group, gluteus minimus atrophied at a faster rate than both gluteus medius and lower gluteus maximus (P Ͻ 0.007), whereas upper gluteus maximus demonstrated a trend toward faster atrophy than both lower gluteus maximus and gluteus medius (P Ͻ 0.0383 for both). Concerning the muscles involved in hip rotation, quadratus femoris atrophied significantly faster than all other rotator muscles (P Ͻ 0.0001 for all).
Not only did rate of muscle atrophy differ within the monoarticular gluteal muscles and bi-articular hamstring muscles but also between these two groups, with the biceps femoris long head and semi-membranosus displaying a tendency toward a faster rate of atrophy than the gluteal muscles (P Ͻ 0.0234). Similar results were achieved with a linear percentage change per week model (data not shown).
Effect of countermeasures: gluteal musculature. ANOVA results provided strong evidence for an effect of the countermeasure exercise on the volume of all of the gluteal muscles (F Ն 4.6; P Յ 0.02; Table 2 ). There were no significant differences between the two training groups (F Յ 3.96; P Ն 0.068). For the lower gluteus maximus, both countermeasure groups demonstrated significant increases in muscle volume at the end of bedrest (HDT 55/56) compared with a decrease in the CTR group. Muscle loss was attenuated in the upper gluteus maximus in both training groups up to mid-bedrest (HDT27/28); however, by end of bedrest there appeared to be a non-significant increase in muscle volume in the RE group and a significant decrease in muscle volume in RVE group, although the difference between the two training groups was not statistically significant. Countermeasure exercises reduced muscle loss in the gluteus minimus in both training groups compared with the CTR group. For the gluteus medius, although muscle volume loss was quite minor in the CTR group, countermeasure exercises appeared to prevent this in the RE group only.
Effect of countermeasures: hamstring musculature. ANOVA demonstrated a strong effect for the countermeasure on muscle volume in semi-membranosus and biceps femoris long head (F Ն 9.04; P Յ 0.0005; Table 1 ), but not for the semitendinosus and biceps femoris short head (F Յ 1.86; P Ն 0.18). There was no difference between the two countermeasure groups for any of the hamstring muscles (F Յ 0.67; P Ն 0.43). In the semi-membranosus and biceps femoris long head, atrophy was reduced in both training groups, although this effect was not complete.
Effect of countermeasures: hip rotators. The quadratus femoris was the only hip rotator to demonstrate a significant loss of muscle volume throughout bedrest; however, according to ANOVA, there was very weak statistical evidence for an effect of the countermeasure (F Յ 3.4; P Ն 0.053; Table 3 ). Significant muscle hypertrophy was seen in the RE group for piriformis and obturator internus (F Ն 4.9; P Յ 0.01), but there was some statistical evidence of difference in the RVE group for piriformis only (F Ն 6.9; P Յ 0.02).
Recovery of the musculature after bedrest. In the CTR group (Tables 1-3 ), at Rϩ14, muscles still significantly decreased in volume compared with baseline included: quadratus femoris (Ϫ10%), biceps femoris long head (Ϫ9.2%), semi-membranosus (Ϫ7.7%), upper gluteus maximus (Ϫ7.4%), and gluteus minimus (Ϫ5.5%) (P Յ 0.04). By Rϩ90, across all groups, the volume of these muscles was no longer significantly reduced compared with baseline.
Generally, the countermeasure groups displayed faster recovery of the muscles. According to ANOVA, there was some statistical evidence of this for the upper gluteus maximus, gluteus minimus, biceps femoris long head, semi-tendinosus (F Ն 2.6 for all; P Յ0.04 for all), and lower gluteus maximus (F ϭ 9.6; P ϭ 0.001), which continued to display a degree of muscle hypertrophy throughout the recovery period. Of these, the upper gluteus maximus was the only muscle to demonstrate a significantly different effect for the two countermeasure groups (F ϭ 5.8; P ϭ 0.006) with the RVE group displaying a significant degree of hypertrophy at Rϩ90 compared with the RE group and a reversal of this effect at Rϩ180.
The post-bedrest rehabilitation program implemented evaluating two different exercise programs for the recovery of the lumbar spine (27) did not impact the recovery of the hip or thigh muscles examined in this paper (all P Ն 0.04). Although ANOVA suggested a different response between the "specific motor control" and "trunk flexor strengthening" rehabilitation groups for the quadratus femoris muscle (P ϭ 0.0069), this effect was largely due to a greater loss of quadratus femoris muscle volume at the end of bedrest in the "specific motor control" group before the beginning of the rehabilitation intervention (data not shown).
DISCUSSION
Although prior works have investigated the effects of unloading on the anterior hip (23), gluteus maximus (14, 57) and selected hamstring muscles (1, 3, 32, 33, 53) , this study is, to our knowledge, the first work to investigate in detail the effect of bedrest on the muscles of the postero-lateral hip. Our main finding was that muscles of the postero-lateral hip atrophy at different rates with fastest rates of atrophy observed in the quadratus femoris, semimembranosus and biceps femoris long head, followed by the gluteal and remaining hamstring musculature. The remaining hip rotators were not significantly affected by prolonged unloading. The second main finding was that high-load resistive exercise 
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countermeasures (with and without vibration) incorporating squat exercises, reduced and/or prevented atrophy of the gluteal muscles and demonstrated a "significant" effect on semi-membranosus and biceps femoris long head; however, the effect size was relatively minor for these two muscles. Third, the addition of whole body vibration did not appear to have a supplementary effect in protecting against atrophy of the postero-lateral hip and hamstring musculature. Finally, muscle volume remained reduced 2 wk after bedrest but appeared completely recovered after 90 days of bedrest.
When we consider the activity of the postero-lateral hip musculature during loading and functional tasks, it is not surprising that, first, these muscles are affected by unloading and that, second, they respond differently to unloading and exercise stimuli. Regarding the hamstring muscles, a similar pattern of differential atrophy to that in the present study has been described in previous unloading studies (2, 3, 12) , with semi-tendinosus and biceps femoris short head comparatively less affected than semi-membranosus and biceps femoris long head. The biarticular semi-membranosus and biceps femoris long head are active during the loading and swing phases of walking and running (36, 37, 46) and are thought to play an important role in providing hip extension force for propulsion. In contrast, the biceps femoris short head does not cross the hip joint and is thought to be more involved in knee flexion and control (37) .
Although the gluteal muscles can act synergistically with the hamstring muscles, they do of course have different functions and, hence, demonstrate a different response to unloading/ bedrest. Interestingly, our findings showed significantly greater atrophy in the upper gluteus maximus compared with the lower gluteus maximus. These two muscle portions are not only embryologically (59) and functionally different, with lower gluteus maximus thought to act primarily as a hip extensor and 
upper gluteus maximus as a hip abductor (28), but they also have been found to respond differently in hip pathology (25) . We find two alternate explanations for the differential atrophy demonstrated in this study to be plausible. First, we cannot exclude the possibility that, for the purpose of muscle measurements, our division of the upper and lower gluteus maximus was imperfect. Second, although subjects were instructed to limit load bearing through their feet during bedrest, during changes in position, daily transfers, and use of bed pans, it is possible that one or both feet were partially loaded. Although relatively infrequent, these hip-extension movements may have activated the lower gluteus maximus sufficiently enough to maintain its muscle volume. Unfortunately, previous works in spaceflight and bedrest, which investigated the effect of unloading on the gluteal musculature, grouped the muscles together, making comparisons to our findings difficult. Interestingly, inconsistent responses of the gluteal muscles to unloading were reported in these studies, with 2.3% muscle volume loss documented after 35 days of bed rest (14) compared with 8% muscle volume after 17 days of spaceflight (57) . These findings demonstrate that, although bedrest may generally represent physical inactivity, this does not mean that all muscles are inactive, and, moreover, it may be possible for increased usage of some muscles to occur.
An interesting finding from our study was that of quadratus femoris, which appears to have a unique response among the hip external rotators to unloading. Originating on the lateral border of the ischial tuberosity and inserting on the quadrate tubercle of the femur, this deep muscle of the hip (38) demonstrated the fastest rate of atrophy and greatest loss of muscle volume of all the muscles we examined. The current understanding of quadratus femoris and its function is limited, with research on this muscle in humans largely comprising of anatomical and embryological (7, 8, 61) studies. Case studies on injury of the quadratus femoris (6, 29, 42, 43, 60) may help us to understand that it is active in load bearing, thigh adduction, and external rotation and may also be involved in hamstring tears (6); however, further investigation is necessary to elucidate the role of this muscle in control of the hip joint and function.
Our findings of differential atrophy between different muscle groups and among muscle synergists, have important implications for exercise countermeasure development and rehabilitation of the muscles after loading. Data from modeling studies show that decreased force from the gluteal musculature during hip extension results in increased superior (35) and anterior (34) forces on the hip joint, with subsequent substitution and increased muscle activity in the semi-membranosus (34, 35) , gluteus medius, vastii, and tensor fascia latae (35) . Furthermore, research suggests that hip muscle force imbalances contribute to increased risk of hamstring tears (22) and hip and lower limb overuse injuries (41, 47) . Hence, it is possible that the differential atrophy occurring in the muscles at the hip during bedrest could lead to altered joint loading and subsequent increased risk of injury in this area.
The countermeasure exercise program reduced/prevented muscle volume loss in the mono-articular gluteal musculature but had less effect on the bi-articular hamstring musculature. The strongest effect of the countermeasure was observed in lower gluteus maximus, which is strongly (55-60% MVIC) activated during squats (5) and hence resulted in the hypertrophic response observed in both training groups by end bedrest. The hamstring musculature, however, is only moderately activated during squats (3-30% MVIC) (5, 26, 56) , and, as a result, this muscle group underwent significant atrophy in the training groups in our study. Isolated hamstring curls are reported to produce twice as much hamstring muscle activity (between 67 and 70% MVIC) as squats or leg press (5, 62) and, furthermore, facilitate more equal recruitment of semi-membranosus and biceps femoris (5, 24) , with increased muscle activation with greater resistance (54) . Future countermeasure exercise programs should consider including resisted isolated hamstring curls to help reduce muscle atrophy and potential development of muscle force imbalances in this area.
Whole body resistive vibration did not provide a significant additional effect above resistive exercise alone in ameliorating loss of muscle volume during bed rest. Due to limited existing data on the effects of bedrest on the hip musculature, it was not possible to perform a meaningful sensitivity analysis for the RE-RVE comparison; hence, low subject numbers may have prevented us from accurately assessing any potential additional effect(s) of vibration. Another possibility is that, although resistive vibration training has been reported to have positive effects on functional muscle parameters such as muscle strength, power, and flexibility (17, 19, 48, 50) , muscle volume is a morphological parameter and, as such, may not be ideal to reflect additional effects of vibration. Values are P values of direct comparisons between muscles of estimates of rates of volume loss. Differences of P Ͻ 0.01 are in bold. BF_LH, biceps femoris long head; BF_SH, biceps femoris short head; GMED, gluteus medius; GMIN, gluteus minimus; LGM, lower gluteus maximus; OBT_EXT, obturator externus; OBT_INT, obturator internus; PIRI, piriformis; QF, quadratus femoris; SEMI_M, semi-mebranosus; SEMI_T, semi-tendinosus; UGM, upper gluteus maximus.
Regarding recovery of the musculature after bedrest, the countermeasure groups appeared to recover more quickly than the control group. Not unexpectedly, the muscles most affected by bedrest took longer to recover, with significant reductions in volume evident in a number of muscles at 14 days post-bedrest. By Rϩ90, recovery appeared complete for all muscles across all groups. Muscle injury and inflammation have been documented post-immobilization and have been found to be associated with increases in muscle volume (45) . Hence, we cannot be certain that inflammation-induced fluid changes masked a lack of recovery of muscle volume in the initial recovery scans. Future unloading studies could reduce this uncertainty by monitoring recovery of musculature at more frequent intervals and/or using muscle biopsies for comparison of muscle fiber cross-sectional area and muscle volume measurements.
In conclusion, the present study found that differential rates of atrophy occur between both functional and synergistic muscle groups of the postero-lateral hip. The fastest rates of muscle volume loss were seen in the quadratus femoris, semimembranosus and biceps femoris long head, followed by the gluteal and remaining hamstring musculature. Short-duration, high-load, resistive exercises, performed 3 days/wk were sufficient to preserve muscle volume of the mono-articular gluteal muscles during bedrest but were less effective in preserving muscle volume of the bi-articular hamstring muscles involved in hip extension and knee flexion. The addition of whole body vibration to resistive exercise did not appear to have a supplementary effect in reducing muscle volume loss during bedrest on the hip muscles we studied, although limited subject numbers may have played a role in this finding. Recovery of muscle volume changes after bedrest took longer than 2 wk but appeared complete by 90 days post-bedrest. Future countermeasure exercise programs should consider including hamstring-specific exercises, such as isolated, resisted hamstring curls, to target a wider range of muscles in the hip and minimize the risk of the development of muscle force imbalances in this region.
